Although commonly used in clinical practice, peripheral nerve stimulation (PNS) for treatment of chronic pain is performed mainly with devices developed and marketed for spinal cord stimulation applications. This may be one of the reasons why PNS approach is marked by a very high complication rate, as the anatomy of peripheral nerves and the surrounding soft tissues is quite different from epidural spinal space for which the current devices are designed.
Introduction
Electrical stimulation of peripheral nerves is used in a variety of medical applications. The most common ones include testing neuromuscular conduction in anesthesia and intensive care units; motor stimulation of phrenic nerves in cases of diaphragmal palsy and somatic nerves of the extremities in patients with hemiplegia and paraplegia; vagal nerve stimulation for treatment of intractable epilepsy and refractory depression; autonomic stimulation for urinary and gastrointestinal disorders; carotid sinus stimulation for hypertension and angina pectoris; and, finally, the stimulation of peripheral nerves for control of neuropathic pain [1] .
Although peripheral nerve stimulation (PNS) has been a part of the neurosurgical armamentarium in treatment of chronic pain for almost a half of century, the entire approach is still far from perfection. Unfortunately, this includes not only absence of strong scientific evidence of its effectiveness, but also relatively high incidence of technical complications and re-operations, some or even most of which are related to the fact that most of the devices used for PNS today are neither designed nor approved for this application. Although there are some hardware choices that include PNS in its labeling, vast majority of presently used PNS hardware are in fact designed and approved exclusively for spinal cord stimulation (SCS).
Components of PNS Systems
In general, neuromodulation devices consist of several distinct components and the terminology that describes them seems to be non-uniform among the implanters and the device manufacturers. Below is an attempt to provide a unified approach to this terminology and then use it for review of technical complications that may be in one way or another related to the hardware choices. In the past, before both of these lead types became available, the electrodes were custom made or manufactured in small quantities. First electrodes were essentially wires that were inserted into the nerve or immediately next to it. This kind of electrodes was used by Wall and Sweet when they were testing "gate-control" theory of pain by stimulating their own infraorbital nerves [2] . At about same time, cuff electrodes were created for long-term direct stimulation of the peripheral nerves. This type of electrodes was used by Shelden and colleagues in the early 1960-s, even before the "gate-control" theory of pain (that became a theoretical basis for electrical stimulation for pain control) was introduced [3] . At that time, a Silastic ring that included a metal contact for nerve stimulation would be wrapped around the exposed segment of the nerve.
This technique of electrode application, not surprisingly, was associated with scarring around the dissected nerve as well as with development of fibrosis and nerve constriction from the lead itself. In addition to that, there was an issue related to preferential stimulation of only the nerve segment that was located under the metal contact. This was not a problem in case of smaller and homogeneous sensory nerves, but in case of larger mixed nerves, such arrangement might cause predominantly motor effects and as a result, desired paresthesias might be associated with muscle contractions.
To overcome this problem, it was suggested to use "button"-type electrodes [4] . These small electrodes could then be sutured directly to the perineurium over the part of nerve circumference that corresponded to underlying sensory fascicles. Although time consuming and requiring a great deal of nerve manipulation, this approach was particularly useful when dealing with sciatic nerve or the brachial plexus.
Neither cuff-type nor button-type leads are used any more in the field of pain surgery, but in the neighboring fields of neuromodulation these wrap-around (cuff) leads are still being used on regular basis. Two best examples of this are vagal nerve stimulators (Cyberonics, Houston, TX) used for treatment of refractory epilepsy and treatment-resistant depression, and phrenic nerve stimulators (Avery Biomedical Devices, Comack, NY) that are implanted for diaphragmal pacing in treatment of respiratory failure.
The use of flat (paddle-type) leads in PNS was introduced in late 1980-s [5] . Here, the lead was implanted under the nerve in a way that all 4 flat metal contacts of that quadripolar lead were facing the nerve. Such innovation made an impact on the consistency and versatility of stimulation as having multiple contacts along the same nerve gave more freedom in terms of stimulation programming. In order to further reduce incidence of perineural fibrosis, it was then recommended to use a fascial "padding" between the metal contacts and the nerve, and then, in a logical progression of this approach, a lead with a mesh attached to it was developed specifically for PNS applications (OnPoint, Medtronic, Minneapolis, MN) [6] . Most commonly used paddletype leads are listed in Table 1 .
Introduction of percutaneous PNS technique in the mid 1990-s [7] changed the landscape of hardware used for this application. Both quadripolar (4-contact) and octopolar (8-contact) electrode leads have been used for this purpose, initially in occipital Table 2 ). The rechargeable batteries make it possible to cover larger areas with stimulation using multiple electrode leads, and the usage-limiting issues related to a continuous use of the device (versus cycling or turning it off at night in order to lengthen battery life), higher frequencies and amplitudes of stimulation are not as overwhelming any more as the batteries may be recharged as needed and are expected to last between 7 and 10 years.
The recharging, however, may be an issue for some of the patients, particularly the elderly and those with memory and cognition problems, and for these circumstances there are non-rechargeable (primary cell) IPG choices that maintain same programming capacity (PrimeAdvanced, Medtronic, and EonC, St. Jude).
In addition to electrode leads and generators / receivers, there are multiple additional hardware pieces that are important in assuring lasting benefits from PNS. anchoring that is too tight may result in electrode fracture.
PNS accessories
In addition to the implantable components, there are multiple important devices that facilitate proper placement of neuromodlation system components. These include insertion needles, stylets, guidewires, introducers, passers / tunnelers, dissecting tools and wrenches. Not all of these accessories are useful for PNS applications as they are designed for SCS -and this presents a major problem that has to be resolved by developing hardware dedicated to PNS use. cases implanters use open dissection with standard dissection instruments for establishing a plane for paddle electrode insertion [9] .
PNS complications
In general, complications of neuromodulation are divided into 10 main groups [10] . Some of them occur primarily with intrathecal pumps and other means of chemical neuromodulation; some others are specific to the central nervous system and apply to the electrical stimulators of spinal and cerebral structures. Several categories, however, are applicable to PNS; these include infection, hemorrhage, injury of nervous tissue, placing device into wrong compartment, hardware migration, erosion and malfunction, including fractures and disconnections, and the general category of other issues.
Looking at the history of PNS it becomes apparent that some of the technical complications have disappeared with technological advancements, while the others remain essentially unchanged. In the early stages of PNS practice, the electrodes were custom-made. Some wrap-around electrodes had Silastic backing [3] with platinum wire facing the nerve to be stimulated. It turned out that in some circumstances such backing accumulated significant amount of fluid and this phenomenon affected the electrode impedance with subsequent loss of conductivity [3] .
Later, such cuff electrodes became more biocompatible, but the main issue became a possibility of nerve injury as a result of fibrosis and possibly ischemia arising from electrode strangling the nerve within soft tissues. Multiple reports of such incidents were one of the main reasons why these devices were abandoned [11] [12] [13] .
However, even with meticulous dissection and secure suturing of these cuff electrodes some of them ended up becoming displaced, and the only solution for such migration incidents was electrode revision. The migration incidence became higher with Slavin Technical Aspects of PNS 11 introduction of percutaneous PNS technique -here the tissue friction is minimal and the only thing that holds electrode in place is the anchor -along with so-called strain relief loop that is commonly placed next to the anchoring site. Anyone who ever revised or removed percutaneous PNS electrode would agree that these electrodes easily leave their location, and the tissue reaction around them is rather minimal. The migration is unlikely to happen in lateral (relative to the electrode axis) direction -most of the time it happens as a pullout from the original lead position (Figure 4) . Sometimes, if the anchor is completely incompetent, or if the patient presents with hypermobility over the electrode path, this migration may be rather dramatic ( Figure 5 ). In addition to this "pull-out" phenomenon, the electrode lead may also migrate "in" shifting more distally along the electrode path ( Figure 6 ). All this, however, is easy to figure out with a simple set of radiographs -and since they have to be compared to the original images, it is important to obtain and save the radiographic image of the electrode lead position at the end of its original implantation. Incidence of migrations varies from series to series ranging from 0 to 100% [14] [15] [16] .
Functioning malpositioned or migrated electrode leads are easy to re-position. A simple technique allows for such repositioning without re-opening the generator pocket [17, 18] . It is important, however, to have the generator pocket prepped and ready for exploration should the electrode lead turn out to be damaged or otherwise unsuitable for reinsertion.
Electrode leads may break at any time after the implantation. Such breakages connectors when the tissue tension prevents adequate wound healing. In our series of 40 patients with PNS implants followed for longer than 30 months, there were 2 infections, and in each case, the device had to be removed. The infection was managed with systemic antibiotics that were adjusted after the microorganisms and antibiotic sensitivities were established. The PNS system may be re-implanted few months after the infection was eradicated.
Placing device into a wrong compartment is rather a theoretical concern as most of PNS electrodes are inserted in a subcutaneous epifascial plane. However, since the proximity of electrode lead to the nerve to be stimulated is extremely important in terms of getting adequate paresthesias and keeping stimulation parameters within reasonable range, various techniques have been suggested to improve the placement accuracy.
Fluoroscopy is routinely used by most PNS implanters [19] , but there are now multiple reports that suggest use of intraoperative ultrasound for localization of the nerve trunk and the surrounding structures [20] [21] [22] .
Insertion of electrodes too deep into soft tissues tends to cause upleasant muscle spasms during stimulation [23] whereas placing them too superficially may result in lead tip erosion [24] .
Overall, however, most PNS complications are minor and rarely if ever require hospitalization. Recently, we analyzed our institutional experience with PNS [24] .
Among almost a hundred of PNS patients operated since April of 2000, we identified 40 patients that had their original PNS trial in our hospital and followed up for 30 months or longer. Remaining patients had either shorter follow up or their initial surgery was done in other institutions.
Out of 40 patients, 8 did not sufficiently improve during the trial and 32 proceeded with permanent implantation. In a long-term follow up series of these 32 patients, there were a total of 27 subsequent operations (including 12 battery replacements) but in only one case of infection a hospital admission was required. Out of 15 re-operations, there were 6 revisions (one for electrode erosion 4 weeks after implantation, 4 for electrode migration at 1, 3, 5 and 9 months after original implantation, and one for device disconnection) and 9 device removals (2 due to infections at 1 and 49
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Technical Aspects of PNS 13 months, 3 due to a loss of effectiveness at 9, 10 and 25 months, and 4 -due to improvement of symptoms at 13, 17, 21 and 56 months after original implantation). This experience illustrates the well known observation about relatively high rate of complications but, at the same time, very minor morbidity associated with the entire PNS approach [14, 15] .
Conclusions
Although commonly used in clinical practice, peripheral nerve stimulation (PNS)
for treatment of chronic pain is performed mainly with devices developed and marketed for spinal cord stimulation applications. This may be one of the reasons why PNS approach is marked by a very high complication rate, as the anatomy of peripheral nerves and the surrounding soft tissues is quite different from epidural spinal space for which the current devices are designed.
Based on the literature data and the analysis of the author's experience with PNS procedures it appears that although the rate of complications is relatively high, the morbidity associated with PNS approach is very minor and most problems may be resolved with simple re-operations, usually on outpatient basis. The reduction in complication rate is expected to occur when the hardware used in PNS procedures is appropriately adapted for PNS applications. B.
